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Due to a new amendment to a piece of legislation on persistent organic pollutants, con-
sistent methods are needed to properly detect, process and dispose of a newly added sub-
stance, hexabromocyclododecane, which has now been globally banned from use. 
 
Bromine based flame retardants like HBCD have been used increasingly in construction 
materials since the 1960s to meet fire safety requirements, so it will be widely present in 
demolition waste in the years to come. HBCD has been used especially in insulating ma-
terials such as expanded and extruded plastics, but it could also be present in imported 
packaging materials of electronics and other products. No samples of packaging materials 
containing HBCD were found during this study. 
 
Hexabromocyclododecane (HBCD) cannot be visually detected, nor has it been marked 
or labeled on the products it has been used in. Because chemical laboratory analyses to 
detect HBCD are time-consuming and the volume of construction waste considerable, a 
faster on-site method is needed. 
 
An x-ray fluorescence gun can detect bromine from plastics. Because HBCD contains 
bromine, XRF can be used to estimate whether HBCD could be present, although the 
results are not conclusive enough to replace more accurate laboratory analyses entirely. 
 
The method described in this thesis work appears to be suitable for identifying materials 
that have not been treated with any brominated flame retardants, but additional steps need 
to be taken to tell HBCD apart from other brominated compounds. 
 
Key words: detection method, construction waste, polystyrene, hexabromocyclododec-
ane 
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ABBREVIATIONS AND TERMS 
 
 
Br bromine 
EPS expanded polystyrene 
FR flame retardant 
GC gas chromatography 
HBCD hexabromocyclododecane 
PBDEs polybrominated diphenyl ethers (flame retardants) 
PBT persistent, bioaccumulative and toxic substance 
PolyFR copolymer of styrene and butadiene, new flame retardant 
POP persistent organic pollutant 
SYKE Finnish Environment Institute 
TBBPA tetrabromobisphenol A (flame retardant) 
UNEP United Nations Environment Programme 
XPS extruded polystyrene 
XRF X-ray fluorescence 
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1 INTRODUCTION 
 
 
A decision made by UNEP Stockholm Convention in 2013 listed hexabromocyclododec-
ane as a persistent organic pollutant (POP), and it was subsequently banned globally. 
(UNEP SC-6/13, 2013)  
 
HBCD has been used as a flame retardant in construction and insulation materials, and 
continues to exist in buildings approaching their end of life. To assess the implications of 
the Stockholm Convention decision on how waste insulation materials from demolished 
buildings are processed and disposed of, two study departments of Tampere University 
of Applied Sciences formed a preliminary 4-thesis-project with Finnish Environment In-
stitute SYKE. 
 
The goal of the whole project is to provide background information and material for in-
structions for construction workers, builders and authorities on how to detect, separate 
and process HBCD from construction waste. 
 
This paper focuses on on-site detection of bromine as an HBCD indicator by using a 
handheld x-ray fluorescence gun. The goal was not to accurately measure the amount of 
bromine or HBCD present, but to simply find out whether the presence of HBCD was 
possible to predict with this method or not. 
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2 BACKGROUND 
 
 
2.1 HBCD and Brominated Flame retardants 
 
Hexabromocyclododecane, or HBCD, is a bromine-based flame retardant that has been 
widely used since the 1960s to reduce the flammability of otherwise flammable materials, 
particularly insulation materials made of polystyrene.  
 
Polystyrene foam (EPS and XPS) is an affordable and versatile plastic used to insulate 
buildings to prevent unwanted heat exchange. It is easily shaped into any form it is needed 
in and resists moisture, but flame retardants such as HBCD have been used to allow build-
ings to meet fire safety regulations. (Plastics Europe, 2014) 
 
Although HBCD has now been classified as a persistent organic pollutant and banned 
from use (Ympäristöhallinto, 2018), some other brominated flame retardants, such as 
HBCD’s newer replacement, a butadiene styrene brominated copolymer PolyFR, can still 
be used. (EPA, 2014; Schlummer et al., 2015) 
 
The difference between the banned brominated flame retardants and the still allowed ones 
is the way they are used in the polystyrene resin. Many of the banned substances like 
HBCD and PBDEs are additive, while the others (PolyFR and TBBPA) are reactive. Re-
active flame retardants are covalently bonded with the polystyrene and are therefore less 
likely to get separated from the insulation material into the environment than the more 
easily extractable additive ones. (Hyötyläinen, 2002) 
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2.2 Properties 
 
According to its material safety data sheet (MSDS), HBCD is a persistent, bioaccumula-
tive and toxic substance (PBT) with the molecular formula of C12H18Br6 and molecular 
weight of 641,73g/mol.  
 
 
Figure 1. Structural formula of HBCD (PubChem, 2018) 
 
On its own, HBCD is a white powder, but when it is mixed in as an additive with the 
polystyrene resin, it has no apparent colour or smell and can only be detected through 
chemical analysis, such as gas chromatography. 
 
HBCD is very toxic to aquatic life with long lasting effects and presents a hazard to hu-
mans and animals as an endocrine disrupting chemical. It is toxic to the thyroid and liver, 
and appears to cause developmental problems in infants. (Papaspyrides & Kiliaris, 2014) 
 
Because of the large volumes of FR treated plastics in construction waste, and because 
HBCD persists in nature and travels long distances once attached to airborne particles, it 
is a formidable and long-lasting environmental pollutant. (Ympäristöhallinto, 2018) 
 
While EPS and XPS insulation materials that do not contain HBCD can be readily recy-
cled, any materials treated with HBCD should be disposed of by incineration in a well-
functioning waste incineration plant under high temperatures (Plastics Europe, 2014). 
 
  
8 
 
 
2.3 Occurrence 
 
According to SYKE, around 10% of the EPS used in construction is treated with a fire-
retardant chemical. (Seppälä, 2016) 
 
Another thesis in this project covers the occurrence of HBCD in buildings in Finland. 
(Hämäläinen, 2017) 
 
 
2.4 Detection 
 
Over the course of the project it has become clear that accurate data on where and how 
frequently HBCD has been used in construction materials are not readily available. De-
tecting it to be able to process the waste correctly is important – while polystyrene in 
general is recyclable, any polystyrene that contains HBCD should be handled with appro-
priate caution and disposed of by incineration. 
 
In a laboratory setting, HBCD can be measured directly using different kinds of gas chro-
matography (GC) methods. A separate thesis work is to be published on the specific la-
boratory analyses. 
 
To indicate presence of HBCD quickly and on site, however, an x-ray fluorescent gun 
(XRF) can be used to measure the amount of bromine in a plastic product or insulation 
material. Each HBCD molecule has six bromine atoms, which the XRF can pick up on.  
 
If the reliability of an XRF method can be shown, using a handheld XRF-gun for screen-
ing waste materials would be faster and more practical than sending samples of all con-
struction waste polystyrene directly to laboratory analyses when use of HBCD is sus-
pected. 
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3 MATERIALS AND METHOD 
 
 
3.1 XRF 
 
The device used in both screening and radiation laboratory analysis of this study was a 
Thermo Scientific Niton XL3t GOLDD handheld XRF analyser. The calibration config-
uration used was Consumer Goods: Plastics. 
 
 
FigureX. Niton XL3t GOLDD XRF Analyzer. (ThermoFisher Scientific) 
 
Although the purpose of this thesis was to estimate the presence of HBCD in the collected 
samples, the device produces an elemental analysis and therefore measures bromine in Br 
ppm, not HBCD directly. 
 
To analyse the samples measured, and to control the XRF in its table stand remotely, two 
pieces of compatible computer software were used: NDT 7.2.2. and NDTr 7.1.2. 
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3.2 Samples 
 
Samples were collected from three separate source categories (A, B and C). Two of the 
three sets went through an additional screening phase to selectively reduce the amount of 
material. 
 
There were two initial goals behind the sample selection: to map out what kind of sources 
HBCD could be found in, and to see how accurately a hand-held XRF analyser could 
predict its presence in the sample. 
 
To that end, finding samples with bromine was prioritized. 
 
 
 
Figure 2. Process flow in this study 
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The samples were collected and screened, and the selected samples bagged and labelled 
on site. Some of the samples that were found to contain no bromine in the screening 
were discarded. 
 
 
Figure 3. Sample A9. Light blue XPS. 
 
 
 
Figure 4. Discarded sample A15. White EPS. 
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3.2.1 Sample set A 
 
The first set of samples (A) was randomly selected from a local construction waste stream. 
The collected samples went through the additional screening step on site to determine 
which samples would be taken to the radiation laboratory for further analysis. 
 
From this source, the intention was to collect samples that appeared to contain bromine 
in levels high enough to indicate presence of HBCD. The material in the waste stream 
was mainly construction waste, some from older demolished buildings, so this was con-
sidered to be the batch most likely to contain samples treated with HBCD. 
 
Because these samples were collected from a unified waste stream, it is not possible to 
pinpoint where exactly each individual sample originated from.  
 
 
3.2.2 Sample set B 
 
The second set (B) consisted of packaging materials of everyday items, furniture and 
electronic appliances, collected by various people involved with the project, from a vari-
ety of different sources.  
 
The intention was to collect information on what kind of packaging materials HBCD 
might be present in. 
 
These samples were also screened before selection for the laboratory analysis. 
 
 
3.2.3 Sample set C 
 
The third set (C) was collected from a current local construction and renovation project 
of an apartment building, and include insulation materials as well as packaging materials 
for home appliances. 
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3.3 Screening 
 
To select samples for the laboratory analysis, a quick 30-second XRF screening was done 
on site to determine which samples would be included in further analysis to avoid col-
lecting only samples with no bromine present in them, or only samples with large amounts 
of bromine. 
 
Each sample (from sets A and B) was measured for 30 seconds, 10 s with each filter of 
the handheld XRF. Due to the large amount of available material, most of the samples 
that appeared completely free of bromine in the screening were discarded. A few were 
kept to provide a reference point for the analysis. 
 
 
3.4 Radiation laboratory analysis 
 
The actual analysis of the selected samples was carried out in a radiation laboratory, using 
a table top stand for the handheld XRF machine. 
 
The duration of each measurement was set to 90 seconds, 30 seconds with each filter. 
Because the XRF only measures a small area on the surface of the sample during each 
measurement, each sample was measured three times and the average result calculated 
from all three.  
 
When possible, the sample was cut in half and one or two of the measurements done from 
the freshly exposed surface to avoid only measuring the dirtier surface layers that could 
have been in contact with HBCD or bromine and give a positive reading even if no bro-
minated flame retardants were used in the material itself. 
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Figure 5. Radiation laboratory equipment setup. 
 
 
3.5 Comparison 
 
Simultaneously with the radiation laboratory measurements, a parallel testing was con-
ducted in the chemical laboratory using gas chromatography.  
 
It is important to note that unlike the XRF, the chemical analysis directly measures HBCD 
instead of bromine as an indicator. This means, for instance, that 1000 ppm Br measured 
with the XRF analyser is not the same result as 1000 ppm HBCD measured with GC.  
 
While the results of the two types of measurements are not directly comparable, the pres-
ence or absence of presumed HBCD can be indicated by either method. 
 
The last column in Table 1 (section 4.1.2) shows the preliminary result of the chemical 
analysis. 
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4 MEASUREMENT RESULTS 
 
 
4.1 Results of radiation laboratory analyses 
 
The data from the screening, the actual XRF measurement and the GC measurement done 
in the chemistry laboratory were collected in one table (Table 1). The errors as they are 
reported are due to the detection properties of the equipment used. 
 
 
4.1.1 Errors 
 
The errors of the XRF screening are not presented. The screening was done solely to 
select samples, not to produce accurate and comparable results. These results are pre-
sented in the table only to depict the difference between the 30 second screenings and the 
actual 90 second measurements. 
 
The average error of three measurements of the 90 second XRF analysis is marked in “Br 
error (of 3)” column.  
 
The error for the analyses done in the chemistry laboratory is approximately 10%. The 
full thesis on the GC analysis with its exact error values is yet to be published at this time. 
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4.1.2 Results 
 
Table 1. Colour coded table of results. 
SAMPLE Description Br 30s ppm Br 90s Avg ppm (of 3) Br Error (of 3) ppm HBCD, mg/kg 
A1 White EPS 194 670 59 none 
A2 Pink foam, hard 2261 2627 110 3200.0 
A3 Grey EPS 7197 6266 322 none 
A4 Grey EPS 5759 6682 299 none 
A5 Grey EPS, smaller grainsize 6513 7415 173 none 
A6 Grey EPS 0 0 31 none 
A7 White EPS 724 302 43 none 
A8 Grey EPS, smaller grainsize 7020 6699 279 - 
A9 Light blue XPS 10900 9456 298 15000(-25000) 
C1 Yellow XPS   0 16 none 
C13 Insulation material   261 42 none 
C14 Underfloor insulation, grey   50 16 none 
C15 Underfloor insulation, current construction, grey   7845 290 none 
C17 Underfloor insulation, current construction, grey   7372 308 none 
C18 Socle EPS, current construction   3215 171 none 
C19 Underfloor insulation, grey   7178 279 150-300 
C20 Underfloor insulation, socle   5902 246 none 
C21 Underfloor insulation,socle, white   5879 243 none 
B1 Chinese souvenir packaging 0 0 66 none 
B2 Couch structure packaging 3467 3265 164 - 
B3 Clock radio packaging 0 0 22 - 
B4 Packing peanuts, compact 77 401 75 - 
B5 Packing peanuts, porous 0 0 33 - 
B6 Packing peanuts, yellow 89 440 77 - 
B7 Television packaging 0 0 42 none 
C2 Dishwasher packaging   179 26 - 
C3 Refridgerator packaging   0 69 - 
C4 Stove packaging   33 25 - 
C5 Dishwasher packaging   0 29 - 
C6 Refridgerator packaging, from Hungary   0 32 - 
C7 Microwave packaging, from UK   0 29 - 
C8 Stove packaging, from Germany   0 32 - 
C9 Induction stove packaging, from Germany   0 57 - 
C10 Refridgerator packaging   0 72 - 
C11 Laundry machine packaging   0 32 - 
C12 Induction stove packaging, from Germany   0 31 - 
C16 Television packaging, from Hungary   0 122 - 
 
Red highlights in the table depict samples where HBCD was initially estimated to be 
present and green highlights samples presumed free of HBCD based on initial assump-
tions, in cases where both an XRF measurement and a lab measurement have been done 
for the sample. The samples in the above table have been sorted by type: first waste ma-
terials, then construction materials and finally packaging materials. 
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5 DISCUSSION 
 
 
5.1 Observations 
 
Based on the data presented in this thesis work, the following observations can be made: 
 
1. HBCD occurs in demolition waste insulation materials in Finland. 
2. HBCD was not found in packaging materials in this study. 
3. XRF does detect bromine in all samples containing HBCD. 
4. XRF does not differentiate HBCD from other bromine-based compounds. 
 
The table of results (4.1) shows that the XRF gave more positive results (bromine de-
tected) than the chemical analysis (HBCD detected), which confirms that the XRF cannot 
differentiate between HBCD and whatever other chemical compound or flame retardant 
might have been used.  
 
In this study XRF did, however, produce a result other than zero for all the samples which 
contained HBCD according to the laboratory analysis. This suggests that the method de-
scribed in this paper is one way of identifying and excluding insulation materials that 
have not been treated with brominated flame retardants at all. 
 
Although the XRF-measured presence of bromine might indicate use of some brominated 
flame retardant, it does not detect the molecular structure. In other words, it measures 
bromine whose presence suggests that a brominated flame retardant has been used, but a 
further chemical analysis needs be done to identify the specific FR used. 
 
 
5.2 Accuracy and reliability 
 
The initial assumption was that based on the XRF results, a ‘limit value’ of Br ppm could 
be given as a result of this study, to easily tell whether the sample contains HBCD or not 
based on the amount of bromine in the sample. The laboratory-confirmed results, how-
ever, show that HBCD was found in samples with Br ppm ranging from as low as 2600 
up to almost 10000. Some samples whose measured results were in the middle of that 
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range did not contain HBCD when measured with gas chromatography, so the idea of 
such a limit value is not feasible. 
 
One possible reason for the largeness of the range of measured Br ppm is that different 
kinds of brominated flame retardants and their various derivatives have been used over 
the years, on insulation materials of varying compositions. (Hyötyläinen, 2002) Differ-
ences in the amount of retardant used on the product, as well as in the product material 
itself, affect the measured XRF results. 
 
It is worth consideration that if the exact amount of Br ppm does not give any additional 
information or insight, only its presence or absence in the sample is significant, and the 
results should be considered qualitative estimates instead of quantitative analyses. This 
reduces the accuracy required from the method, and shorter measurement times might 
suffice for field measurement purposes in the future. During the measurements done for 
this thesis, for instance, the XRF quickly showed if the amount of bromine in the sample 
was below detection limit when none would be found, and did not deviate from that read-
ing over the measurement time. 
 
A related conclusion was drawn in a study done by Washington State Department of 
Ecology in 2012. While the study focused on PBDEs rather than HBCD, it approached 
the matter by using XRF to screen for bromine as an indicator of a brominated flame 
retardant as well. They found that the method has a tendency to give ‘false positives’ - 
samples with bromine detected in the absence of PBDEs. (Furl et al., 2012) 
 
False positives, however, are not as problematic as ‘false negatives’. Samples that did not 
contain bromine according to the XRF measurement in the study mentioned above did 
not contain PBDEs in more accurate and specific laboratory analyses either, so the poten-
tial downside in using this method is only in having to send negative samples to be ana-
lysed further in the case of a false positive reading.  
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5.3 Further studies 
 
While the method described in this thesis work seems to accurately indicate the presence 
or absence of brominated flame retardants in general, it does not offer the means to dif-
ferentiate between specific banned (HBCD) and currently legal flame retardants. The new 
alternative to HBCD, PolyFR (Beach et al., 2013), and another popular brominated FR, 
tetrabromobisphenol A (TBBPA) (EPA, 2014; Lüthje, 2003), also contain bromine and 
will turn up in measurements using the method described here.  
 
A study on the same topic as this thesis work, published in Germany in 2015, solved this 
problem by adding an extra step of dissolving a portion of the sample in acetone. The idea 
behind the extraction step is that both PolyFR and TBBPA are reactive retardants and 
form chemical bonds with the polystyrene, whereas HBCD is additive and can be sepa-
rated from the insulation material when dissolved in an acetone solution. (Schlummer et 
al., 2015) 
 
A chart of a suggested improved process flow for future studies is depicted in appendix 
1. In it, the first XRF measurement is taken directly from the polystyrene sample. If the 
sample contains no bromine, no brominated flame retardants have been used and the ma-
terial can be recycled. If, on the other hand, it does contain bromine, an extraction can be 
done to a portion of the sample. The sample is then dissolved in an acetone-based solu-
tion, and the next XRF measurement taken from the extraction solution. If the bromine 
can now be found in the extraction solution, the sample most likely contains an additive 
retardant such as HBCD. If the bromine remains in the polymer gel after extraction, it is 
likely to be bound to a reactive FR such as PolyFR or TBBPA. 
 
The next proposed course of action is to test the extraction method and its viability as an 
on-site method by comparing its results to chemical analyses, and creating step-by-step 
instructions for a suitable field detection method. Due to the commercial availability and 
relative harmlessness of the materials needed for the extraction, it might be possible to 
eventually piece together a measurement kit for on-site detection, with solvent measured 
beforehand, a scale to weigh the polystyrene sample, and suitable containers for dissolv-
ing it.  
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This way, only the samples with bromine measured from the extraction solution would 
have to be sent to the laboratory for GC analysis. 
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APPENDICES  
Appendix 1. Suggested method flow chart with extraction step 
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Appendix 2. Data from XRF measurement 
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